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ABSTRACT: Numerous drying methods are used to dry solutions of proteins in the 
laboratory and/or in pharmaceutical manufacturing. In this review article, we will 
discuss many of these drying methods. We will briefly introduce and compare the unit 
operations involved in the drying methods to give an insight on thermal history, and the 
different stresses that a drying method can present to an active ingredient, particularly 
for protein molecules. We will review and compare some important physico-chemical 
properties of the dried powder that result from using different drying methods such as 
specific surface area, molecular dynamics, secondary structure (for protein molecules), 
and composition heterogeneity. We will discuss some factors that might lead to 
differences in the physico-chemical properties of different powders of the same 
formulation prepared by different techniques. We will examine through a literature 
review how differences in some of these properties can affect storage stability. Also, 
we will review process modifications of the basic drying methods and how these 
modifications might impact physico-chemical properties, in-process stability and/or 
storage stability of the dried powders. © 2007 Wiley-Liss, Inc. and the American Pharmacists 
Association J Pharm Sci 96:1886-1916, 2007 

Keywords: atomization; electron spectroscopy for chemical analysis; evaporation; 
freeze drying; glass dynamics; molecular mobility; protein stabilization; spray drying; 
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INTRODUCTION 

Whether processing conditions during drying are 
altered or different drying methods are used to 
prepare the same formulation, the net result is 
modification of the thermal history. In polymer 
science, the effects of thermal history and drying 
method have been shown to influence relaxation 



Ahmad M. Abdul-Fattah's present address is Drug Product 
& Device Development, Amgen, Inc., Thousand Oaks, CA 

91320. 

Correspondence to: Michael J. Pikal (Telephone: 860-486- 
3202; Fax: 860-486-4998; E-mail: michael.pikal(5>uconn.edu) 
Journal of Pharmaceutical Sciences, Vol. 96, 1886-1916 (2007) 
© 2007 Wiley-Liss, Inc. and the American Pharmacists Association 

1886 JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 8, 



time, diffusivity, stability, and glass transition 
temperature.^ In the food industry, different 
drying methods commonly used in the pharma- 
ceutical industry have been shown to affect 
product quality. For example, spray drying and 
freeze drying produced ovalbumin powders with 
different emulsification and foaming properties 
upon reconstitution.^ Freeze drying caused 
greater losses in volatile ingredients in Petrose- 
linum crispum than traditional oven drying and 
'shade' drying, even at ambient temperatures.^ 
Vacuum oven drying produced dried pectin 
powder of much lower solubility over a pH range 
of 2-10 as compared to freeze drying and spray 
drying.'' Other issues such as color loss,^ flow 
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properties,^ and preservation of labile ingredients 
such as vitamin C^'^ and p-carotene^ have also 
been a function of the drying method. 

Spray drying and freeze drying are by far the 
two most popular methods of drying protein 
solutions in the pharmaceutical industry. Super- 
critical fluid technology, spray freeze drying 
(SFD), spray coating, and modifications of spray 
coating such as drying with conventional spouted 
bed,® and other drying methods based on solvent 
evaporation without atomization (such as vacuum 
drying, Xerovac'®, foam drying, film drying) are 
also used but on a much smaller (mostly research) 
scale.*^ ^ A few studies have been published in the 
pharmaceutical field that compare the effects of 
different drying methods on product properties. 
We will review some of this published work. It is 
important to investigate the effect of drying 
method and processing conditions on pharmaceu- 
tical properties of amorphous formulations. One 
can expect differences in the physico-chemical 
properties among powders of the same formulation 
dried by different methods, and even differences 
between their storage stability profiles have been 
documented. ^^^^''^ In the pharmaceutical industry, 
drying is employed if the storage stability of the 
active ingredient (physical and/or chemical) in 
solution is unsatisfactory. The choice of drying 
method will then be associated mainly with the 
economics of drying and the intended route of 
administration. For example, spray-dried powders 
are commonly prepared when the intended route 
of administration is via inhalation, since the 
desired control over particle size can be obtained, 
but freeze drying is commonly employed for 
injectable products since sterility and "particle- 
free" quality attributes are more easily obtained in 
freeze drjdng. Improving storage stability is 
often focused on re-formulation, which in many 
times can be tedious and time consuming, but 
variations in processing specifics can also address 
stability issues. However, a full understanding 
and appreciation of the stresses encountered 



during drying, and secondly the influence of the 
drying method (or thermal history) on the physico- 
chemical properties of the dried formulations is 
needed to choose the appropriate drying process 
and to optimize this process for maximum product 
quality. 



UNIT OPERATIONS, PROCESS VARIABLES, 
AND THERMAL HISTORIES INVOLVED IN 
DIFFERENT DRYING METHODS 

Most drying methods involve removal of solvent 
by sublimation, evaporation or a combination of 
both. In this review, we classify the drying 
methods according to the main mechanism of 
solvent removal. 



Drying by Evaporation 

Spray Drying 

Spray drying is a one-step economic drying 
method widely used to produce powders for 
pulmonary delivery. ^^"^^ The unit operations 
involved in spray drying are summarized in 
Figure 1. Briefly, the drying method in a spray 
dryer involves feeding the solution through an 
atomizer nozzle placed inside the drying chamber 
at a controlled rate. As the liquid stream emerges 
from the nozzle orifice, large liquid-air interfacial 
expansion will occur and the stream breaks up 
into small fine droplets (atomization) in the 
drying chamber by the aid of an atomizing gas 
(air or inert gas such as nitrogen). Viscosity, 
surface tension, and density of the liquid, as well 
as atomizing gas flow rate and pressure, influence 
the break up of the liquid and hence droplet size 
distribution.^^ Depending on the design of the 
atomizer nozzle, the liquid stream will mix with 
the atomizing gas right before or right after it 
emerges out of the nozzle orifice into the drying 
chamber. Other methods of atomization that have 
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Figure 1. Umt operations involved in spray drying. 
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been used involve the application of high ultra- 
sonic frequencies. Different designs of atomizer 
nozzles allow for control of droplet size and 
droplet size distribution. Upon contact with hot 
dry air or hot inert dry gas such as nitrogen inside 
the drying chamber, evaporation occurs from 
the atomized droplets and the resulting dried 
particles are collected after passing through a 
cyclone separator into a collecting tube. In a 
typical spray dryer, drying gas is not re-circulated 
but exhausted to the atmosphere (open cycle). On 
the other hand, drying gas is re-circulated in 
a 'closed cycle' system. Variables that can be 
controlled during the process include inlet tem- 
perature (Tiniet), liquid feed rate, atomizing air 
flow rate, drying air flow rate, and relative 
humidity of the inlet air. Outlet temperature 
(7'outiet) depends on all four previous para- 
meters.^^'^'' Both product temperature and tem- 
perature inside the drying chamber correspond 
more closely to Toutiet* even 5 cm below the 
nozzle.^^ Excellent reviews on spray drying and 
the types of atomizers used can be found in 
hterature.^^"^® 

Drying of a spray droplet has been divided into 
two phases.^"*'^^ A schematic for the temperature- 
time profile of both the droplet surface and 
droplet interior is presented in Figure 2. In the 
first phase (constant rate period), the rate of 



evaporation is constant and the liquid feed 
temperature increases rapidly to the wet bulb 
temperature (T^b)-^^ T'wb is the lowest tempera- 
ture attained by the surface of the droplets during 
evaporation and is dependent upon the evapora- 
tive cooling effect. The surface of the droplets 
would maintain 100% relative humidity in a 
system at T„i,.^^ As the relative humidity in the 
inlet air stream is decreased, drying rate 
increases, evaporative cooling increases and T^b 
decreases. The temperature of the interior of the 
droplet is usually 10-15°C lower than T„b.^^ 
Dissolved solute is transported via diffusion and 
convection to the droplet surface. This phase lasts 
until a solid phase (crust) begins to form at the 
surface of the droplet, usually within 10""' to 
10"^ s.^'*'^^ At this point, solute concentration at 
the surface has reached a critical solute concen- 
tration (Ccrit) that depends on the solubility of the 
solute at T^-b (S^b)-^' At Ccrit, diffusion of the 
solvent through this barrier is slower than the heat 
transfer, and the system enters the second phase of 
drying. Drying and evaporation rate decline in the 
second phase (falling rate phase) and particle 
size does not undergo further reduction. ^""'^^ 
The temperature of the particle will rise until it 
equals the dry bulb temperature of air (Tdb), 
concurrently the temperature of the particle 
interior will rise to T^. Tdb is the temperature of 
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Figure 2. A schematic for the drying phases involved during spray drying. 
Temperature profile as a function of time for both the droplet surface and droplet 
interior (adopted from Hsu et al.^^). 
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the surface of the dried particles after evaporation 
of most of the water, and is usually close to Toutiet- 
The particle remains at the drjdng-air outlet- 
temperature before collection. 

Spray Coating 

This drying method has been used on a small scale 
to produce powders of diphtheria toxoid and alum- 
adsorbed hepatitis-B surface antigen for needle- 
free injection,^" as well as for drying recombinant 
human deoxyribonuclease (rhDNase) formula- 
tions^^'^^ and subtilisin.^^ Drying in a spray 
coater involves first fluidization of an inert carrier 
(such as lactose or hydroxypropylmethyl cellulose 
seed particles) of defined particle size range in the 
drying chamber. This is followed by atomization of 
the liquid feed into the chamber to deposit on the 
carrier. While atomizing, the coated carrier 
particles are concurrently dried by hot air, leaving 
a film residue of the dried formulation containing 
the active ingredient and collected in a powder 
collector. The powder can be sieved later and 
particles can be separated based on particle size 
range. Specific surface area in this drying process 
is therefore limited by particle size of the seed 
particles. 

During spray coating and evaporation, the 
outer surface of the coating droplet might have a 
temperature profile similar to that of the droplet 
during spray drying. On the other hand, the inside 
of the coating droplet in contact with the seed 
particles (unlike the interior of the sprayed 
droplets during spray drying) is exposed to the 
high temperature of the seed particles fluidized 
in the chamber prior to atomization. The outcome 



is more residence time for the interior of the 
coated droplet with hot seed particles before 
evaporation is complete, relative to droplets in a 
spray drying process, and therefore a greater 
probability of thermal denaturation for heat 
sensitive materials.^^'^^ 

Drying by Evaporation without Atomization 

In cases where the active ingredient has been 
known to be vulnerable to the atomization step 
prior to drying (due to creation of a large air- 
water interface), alternative drying methods 
without atomization were developed. These meth- 
ods are based on evaporation from a solution 
under reduced pressure such as vacuum dry- 
ing,^^'^^ foam drying, ^^"^^ and Xerovac.^"* Film 
drying, a form of controlled evaporative drying, 
was addressed by Franks et al.^° and has been 
referred to as liquid film dehydration by Shroeder 
and Schwarz^ The equipment necessary to per- 
form evaporative drying consists of a drying 
chamber, a condenser, and a vacuum pump (i.e., 
a conventional freeze dryer may be used)."^^""^^ 
The principle unit operations are summarized in 
Figure 3. Solutions are simply dried at ambient 
temperatures under reduced pressure. Solutions 
will dry into a foam or a film, depending on the 
initial solids content before drying and the 
pressure. If the starting solute concentration 
is high enough (--20% w/v or more), solutions will 
foam initially when the "primary" drying cycle is 
initiated (i.e., foaming during a reduction of the 
chamber pressure from atmospheric conditions). 
The "primary drying" step normally involves 
evaporation of most of the bulk water ~90% or 
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more during the first hour.^^ Mass flux for water 
vapor is expected to be very high during "primary 
drying." A "secondary drying" step must be 
followed to further reduce the moisture content, 
which might require a long drying time (up to a 
few days) due to the very low specific surface 
area of the "film" or "foam," unless an additional 
particle size reduction step is included (such as 
crushing, jet milling, etc.). 



Drying by Sublimation 

Freeze Drying (Lyophilization) 

Freeze drying unit operations are covered in great 
depth in the literature. ^^"^^ Freeze drying is 
unique among drying methods in that after 
freezing, the material is dried as a solid, that is, 
below To, which is preferable from a stability 
point of view. On the other hand, it is a longer 
process as compared to, for example, spray drying 
and spray coating. Although less economic com- 
pared to other drying methods, freeze drying is 
the most common drying method for producing 
powders for parenteral administration. Freeze 
drying has also been used to produce fast dissolv- 
ing tablets.^^ 

The unit operations involved in freeze drying 
are summarized in Figure 4. Freeze drying 
consists of three main stages: freezing, primary 
drying, and secondary drying. A schematic for 
the temperature -time profile in a typical freeze 
drying run during the different stages is presented 
in Figure 5. Freezing is a short step that lasts for a 
few hours, during which most of the desiccation 
has occurred, producing a mixture of ice and solid 
product commonly containing roughly 20% water 
and all solutes in a single amorphous phase. In 
the primary drying step, solvent is removed via 
sublimation of ice. This step can require anywhere 
from a few hours up to several days, depending on 
the glass transition temperature of the freeze 



concentrate (Tg) and solute concentration. Pri- 
mary drying should always be performed 2-5°C 
below the collapse temperature (Tc) (or below Tg) 
to avoid product collapse and maintain elegant 
cake structure. Too high a 'safety margin' (<1'C 
below Tg) could result in collapse in a subgroup of 
product vials that are subjected to more radiative 
heat transfer than other vials (e.g., edge vials). Too 
low a 'safety margin' (>5"'C below Tg) would 
needlessly prolong primary drying, and hence 
freeze drying cycle, time. After primary drying 
has ended and all ice has been removed, a 
secondary drying step follows whose purpose is to 
remove the remaining water in the amorphous 
phase (--20-30% w/w water) via desorption 
at much higher product temperatures, normally 
above ambient. Heating from primary drying to 
secondary drying final temperature should be slow 
(and in many cases can be done in several steps) to 
avoid a situation in which the shelf temperature is 
higher than the glass transition temperature (Tg) 
of the product thereby leading to collapse (melting) 
of the product (since Tg increases very slowly 
relative to the shelf temperature depending on the 
rate of evaporation of water from the amorphous 
phase). Secondary drying is usually completed in 
shorter times than required for primary drying. 

In freeze drying, mass transfer of water mole- 
cules within the dried layer is accomplished via 
bulk flow caused by a pressure gradient and by 
diffusion.'''' Heat transfer is accomplished mainly 
through gas conduction (vapor in the space 
between the shelf and the bottom of the vial). 
Conduction from shelf to vial at points of contact 
and radiation (from top, bottom, and sides to the 
vial) also are significant mechanisms for heat 
transfer.''^ 

An additional "annealing" step can be included 
during freezing. Annealing is a process by which 
frozen samples are held at a temperature between 
the ice melt temperature and Tg for a period of 
time. Annealing is usually done to crystallize out 




Heat a 

2S*C < Cosasse Terfsp -i-ver-/ 
itiV pf«SSIirS: i.SO iflTtSir) 

rgsidefsce tifs^e hours to days) 



Figure 4. Unit operations involved in freeze drying. 
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Figure 5. A schematic for the drying phases involved during freeze drying. 
Temperature profile as a function of time for both the shelf (RDG, dash) and one vial of 
the product (PT #1, hollow triangles). Note how the end of primary drying for the 
particular vial monitored, observed by the rise of PT #1 up to the shelf temperature, is 
before the operational end of the primary drying. 



bulking agents such as mannitol (hold at ^ 23 C 
for several hours)''^ or glycine,''" as well as to 
increase the size of ice crystals, and therefore 
increase the size of pores through which water 
vapor can flow, thereby decreasing primary drying 
times. 

Spray Freeze Drying 

SFD is a recent method developed as an alternate 
drying method to spray drying for precise 
control of particle size in powders for pulmonary 
delivery writh improved aerodynamic properties 
for enhanced delivery to the deep lung. Examples 
of proteins that have been successfully prepared 
as pulmonary dry powder formulations using SFD 
are rhDNase and anti-IgE monoclonal antibody 
(anti-IgE MAb).^° SFD was also used to produce 
dried powders with a higher density than those 
produced by spray drying for epidermal powder 
immunization with vaccines."*^ SFD shares com- 
mon unit operations and drying stresses with both 
freeze drying and spray drying. The first step 
involves atomization of an aqueous solution of the 
active ingredient with additives into a cold vapor 
phase over a cryogenic liquid (commonly liquid 

DOI 10.1002/jps 



nitrogen) to form droplets. Droplets may begin to 
freeze in the cold vapor phase before contact with 
the cryogenic liquid, but completely freeze upon 
contact with the cryogenic liquid. One modifica- 
tion for freezing the droplets has been atomization 
of the liquid feed directly into the cryogenic liquid 
rather than over the liquid, thereby eliminating 
the effect of air— water interface on protein 
stability. The rate of freezing of the droplets in 
either case is rapid. To our knowledge, there has 
been no attempt to control the rate of freezing in 
SFD. Frozen particles are collected and subjected 
to a freeze drying cycle as described before with or 
without annealing above Tg prior to primary 
drying. 



Drying by Precipitation 

Supercritical Fluid (SFL) Technology 

SFL drying has recently been introduced to the 
pharmaceutical field and represents a drying 
method in v^rhich solvent removal is accomplished 
neither by sublimation nor by evaporation. SFL 
technology is described in great detail in an 
excellent review by Jovanovic et al.^° As the name 
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implies, the basis of SFL is using supercritical 
fluids (SCF), largely because the precipitation 
may be controlled by control of pressure. A SCF is 
formed when a gas such as CO2 is liquefied above 
a certain critical temperature and pressure. 
The SCF is considered as an 'antisolvent' for 
numerous proteins in aqueous and organic solu- 
tions, and has been used to precipitate insulin, 
lysozyme, myoglobin, albumin, catalase, and 
alkaline phosphatase. Drying by SFL technology 
can be accomplished with or without an atomiza- 
tion step prior to drying. An atomization step will 
allow greater control of mass transfer rate, 
particle morphology, particle size, and specific 
surface area. The main concept is that a SCF acts 
as an extraction medium for water, thereby 
increasing solute concentration in solution. As a 
result, the solute (of protein and additives) 
will precipitate. Particles formed are dried by 
further extraction of the remaining solvent by 
the SCF. There are two reported methods for 
atomization in SCF drying: one is atomizing the 
protein solution into a vessel containing the SCF 
(supercritical fluid anti-solvent technique — SAS), 
and the other is atomizing the SCF together with 
the protein solution (effervescent atomization) 
into a vessel containing the SCF (rapid expansion 
of supercritical solutions — RESS).'^^"^^ Mass 
transfer can be improved by increasing SCF to 
solvent ratio or decreasing droplet size. 



MAIN CHALLENGES AND STRESSES 
DURING DRYING 

The same stress encountered during one drying 
method may be also encountered in another 
drying method. For example, heating is a stress 
common to spray drying and spray coating, 
atomization (which results in the creation of a 
large air-water interface) and shearing stresses 
are common to spray drying and SFD, freezing 
stresses are common to both freeze drying and 
SFD, and stresses arising from dehydration are 
common to all drying processes whether sublima- 
tion or evaporation is involved in solvent removal. 

High Temperature 

Heat-induced degradation of thermolabile drugs 
is a risk associated with the use of high tempera- 
ture during drying, particularly with biological 
materials such as proteins and vaccines. Spray 
drying and spray coating utilize heat from a hot 



gas stream to evaporate solvent (either in the 
form of droplets as in spray drying or film of 
solvent coating seed particles in spray coating) 
created by the atomization of a continuous 
liquid feed. Most proteins undergo irreversible 
denaturation, and hence losses in biological 
activity and solubility, when exposed to high 
temperatures (thermal denaturation). When a 
protein solution is gradually heated above a 
critical temperature, it undergoes a sharp transi- 
tion from the native state to the denatured state. 
The temperature at the transition midpoint, 
where the concentration ratio of native and 
denatured states is unity, is known either as the 
melting temperature (T^) or the denaturation 
temperature (Tj). Depending on the protein 
structure and the severity of the heating, these 
changes may or may not be reversible. Water 
greatly facilitates thermal denaturation of pro- 
teins. Dry protein powders are extremely stable to 
thermal denaturation. The value of and 
enthalpy of denaturation (AHhyd) decrease rapidly 
as the water content is increased and some 
proteins are stable at temperatures well above 
100 C if the moisture content is very low (<1% w/ 
w), for example, human growth hormone (hGH) 
and bovine growth hormone (bGH).^'*'^^ 

Thermal denaturation is not generally observed 
in spray drying because although the inlet air 
temperature may be high, due to the self-cooling 
effect caused by the solvent evaporation, the 
temperature of the dried product does not 
rise above T„b. In addition, the temperature of 
the droplet interior is always lower than T^^,^^ 
development of high concentration increases visc- 
osity and slows unfolding,^^ and perhaps most 
important, Tm increases dramatically as water 
content decreases. The extent of denaturation 
depends on temperature-time combinations that 
proteins encounter during the drying process, and 
the key point to avoid thermal denaturation is to 
avoid long contact times between droplets and 
hot air in the spray-dried chamber.^^ A 40 s 
exposure of tissue plasminogen activator (t-PA) 
solution to 50°C or a 20 s exposure to 80°C caused 
negligible degradation. A 40 s exposure to 80°C, 
however, caused 16% degradation.^® Examples of 
proteins that have showed increased aggregation 
with an increase in Tiniet are p-galactosidase,^^'^® 
oxyhemoglobin,®" insulin,®^ lactate dehydrogen- 
ase (LDH),®^ and recombinant human growth 
hormone (r-hGH).^® It is therefore a good practice 
to use a low Tjniet to reduce the potential of 
thermal stress to the protein. The primary 
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structure affects thermal stability of proteins, 
and proteins that contain a greater proportion of 
hydrophobic amino acid residues (especially 
valine, isoleucine, leucine, and phenylalanine) 
tend to be more stable than the more hydrophilic 
proteins. Other structural factors that contribute 
to relative stability of proteins against thermal 
denaturation are disulfide bonds and the 
presence of salt bridges buried in hydrophobic 
clefts. 

While a few studies have explored the use of 
spray coating of proteins and vaccines in the 
pharmaceutical industry,^®'^°'^^ it was found that 
rhDNase after spray coating showed a significant 
loss of bioactivity (65% bioactive) and high protein 
aggregation (10% soluble aggregates). ^^'^^ The 
same solutions subjected to spray drying with the 
same Tinjet and atomizing air flow rate showed 
greater recovery and no aggregation post drying. 
Loss of bioactivity and aggregation were not 
associated with the air-water interface since 
rhDNase was stable to atomization. It seems 
likely that such differences arose from thermal 
denaturation during spray coating. 

Freezing 

Freezing step is the first step in freeze drying and 
SFD. Most of the desiccation is achieved during 
the freezing stage. Upon freezing a solution, a 
sequence of events occur: super -cooling, ice 
nucleus formation, and ice crystal growth. 
Super-cooling is the retention of liquid state below 
the equilibrium freezing point of the solution. 
Solidification occurs abruptly during super- 
cooling and latent heat is released.^^ The degree 
of super-cooling is the temperature difference 
between the equilibrium ice formation tempera- 
ture and actual temperature at which ice begins 
to form,®^ and aqueous solutions can super-cool 
by 10°C or more.^*^'^^ If equilibrium solubility of a 
solute has been exceeded at a low temperature, 
the solute may crystallize even if ice crystals 
have not formed, such as has been observed 
with pentamidine isethionate.^® As temperature 
is lowered further after ice crystal formation, 
solutes become more concentrated in the regions 
between ice crystals and a critical temperature is 
reached below which solutes cannot crystallize on 
the process timescale, and the system will 
increase in viscosity sufficiently to transform into 
a solid amorphous system or glass containing 
roughly 20% water^^ or a lyotropic liquid crystal 
phase may form.^^ 

DOI 10.1002/jps 



Freezing creates many destabilizing stresses, 
especially for biological materials. The 'dehydra- 
tion effect' after ice formation and removal of bulk 
water from the protein phase is one stress that 
reduces the hydrophobic interactions.^^ The for- 
mation of sharp ice crystals that can pierce intact 
structures of membrane viruses presents another 
potential stress. ^^'^^ Variation in freezing rate can 
present different stresses to protein formulations, 
depending on the nature of the protein. Slow 
freezing has been shown to increase protein 
damage in systems prone to phase separation, 
since phase separation is often kinetically con- 
trolled.™ High freezing rate (i.e., high super- 
cooling, e.g., by quenching in liquid nitrogen or 
dry-ice acetone bath) has traditionally been com- 
bined with very low temperatures, more super- 
cooling and the generation of smaller and greater 
number of ice crystals and thereby larger ice 
SSA.^^ Strambini and Gabellieri^^ proposed that 
freezing-induced damage to proteins at the ice 
surface involves adsorption to the ice surface 
followed by partial unfolding. A relatively large 
ice— liquid interface correlated directly with high 
loss of secondary and tertiary structure during 
freezing. This phenomenon was found to be 
reversible, although a small fraction of the pro- 
teins studied did not recover enzymatic activity. 
Eckhardt et al.^^ showed a relationship between 
aggregate formation and freezing rate (over a 
range of 0.5-50°C/min) after freeze-thaw cycles in 
several hGH formulations. Hsu et al. showed a 
relationship between freezing rate and the degree 
of turbidity of t-PA solutions upon reconstitu- 
tion.^^ Chang et al.^^ reported increased level 
aggregation of phosphofructokinase, LDH, gluta- 
mate dehydrogenase, tumor necrosis factor, and 
interleukin-1 (IL-1) receptor antagonist when 
solutions of these proteins were quench frozen as 
opposed to slow cooling. Other proteins reported to 
be vulnerable to fast cooling rates are bovine IgGj^ 
catalase,^® and P-galactosidase.^^'^' The addition 
of nonionic surfactants^^' provided a high degree 
of protection against surface denaturation during 
freeze thawing of several proteins, thereby making 
surfactants effective as cryoprotectants. Of course 
in addition to the fact that surfactant molecules 
may be more surface active than protein mole- 
cules,'"' a reduction in the SSA of ice brought about 
by the addition of nonionic surfactants'® may 
contribute to the protection of proteins from the 
damaging effect of the ice. Also, increasing protein 
concentration was found to largely counteract the 
damage caused by a large ice SSA. Hansson™ 
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reported a reduction in aggregate formation of 
human IgG during freeze-thaw upon increasing 
IgG concentration to 50 mg/mL. Similar results 
were reported for lL-1 receptor antagonist/'' 
p-galactosidase,^*^'"^^ and LDH 

Freeze concentration presents another stress 
during the freezing stage since a highly concen- 
trated solution presents an environment in which 
ionic strength increases to very high values and 
large pH shifts via selective buffer crystallization 
are facilitated. Protein-protein interactions 
increase due to high concentration, possibly lead- 
ing to aggregation. A high ionic strength can 
promote degradation of proteins. For example, 
chemical degradation and physical aggregation of 
hGH, a predominantly a-helical protein, was found 
to be sensitive to the level of phosphate buffer in 
both solution®" and in the solid state. ®^ Aggrega- 
tion in the solid state was found to be maximum at 
a buffer level of 0.227 mg buffer/mg hGH whereas 
chemical degradation was found to be maximum at 
0.114 mg buffer/mg hGH.®^ The preceding results 
may arise from high ionic strength. Additionally, it 
was shown that NaCl was detrimental to stability, 
but this effect appeared to be more specific than 
just "ionic strength"."^ A high ionic strength has 
also been demonstrated to cause osmotic dehydra- 
tion of microorganisms. Freeze concentration 
can accelerate the rates of second-order chemical 
reactions (i.e., during freezing) such that degrada- 
tion may be faster degradation in a freeze 
concentrate in spite of the lower temperature; an 
example is the oxidation of ascorbic acid.'" *'^ A 
large pH shift can occur when one buffer compo- 
nent crystallizes out. pH shifts are affected by 
solution composition, solute concentration, and 
history of freezing. Such shifts can obviously 
be detrimental to proteins sensitive to pH shifts. 
The sodium phosphate buffer system shows a 
dramatic decrease in pH of about 4 pH units due to 
the crystalUzation of Na2HP04 • HgO.^^'**^"®'' 
Other buffers such as citrate or potassium phos- 
phate produce buffer systems show much smaller 
pH changes upon freezing.®^ ®^ Therefore, 
selection of buffer type along with minimizing 
the buffer concentration, or eliminating the buffer 
entirely if the drug is self-buffering is advisa- 
ble.^*^'*^^ 

Under certain conditions,®^"®^ low temperatures 
have resulted in the cold denaturation of some 
proteins and enzymes such as p-lactoglobulin, 
phosphofructokinase, and pyruvate kinase.®^ 
Cold denaturation occurs due to the weakening 
of hydrophobic interactions with a decrease in 



temperature and leads to the spontaneous un- 
folding of a protein. The conformation changes 
occurring at low temperatures may be partial 
or total destruction of tertiary structure while 
secondary structure remains intact.®^'^° Although 
cold denaturation can be reversible, it does occur 
with irreversible loss of biological activity for 
some proteins. Even some viral vaccines such as 
respiratory sjmcytial virus (RSV), influenza, 
measles, and rubella were unstable when exposed 
to very low temperatures after freezing.^^"®^ 
The degree of damage was temperature and time 
dependent.^i-''^ 

Annealing in the Frozen State 

Annealing in the frozen state can be done during a 
freeze drying or SFD cycle after solutions have 
first been frozen. Annealing is done by holding at 
a temperature between the ice melt temperature 
and the glass transition temperature of the freeze 
concentrate, Tg, for a period of time. Annealing 
allows larger ice crystals to grow at the expense of 
small ones in a process called Ostwald ripening.^^ 
Below the system is in a glassy state and ice 
crystal growth is limited. Above T^, growth is 
possible. Annealing may also result in the crystal- 
lization of bulking agents such as glycine 
and mannitol, which leads to an increase in Tg. 
As a result of annealing a purely amorphous 
system, primary drying cycles are shorter, a 
more homogeneous freeze-dried batch is obtained 
and the SSA of the freeze-dried product is 
significantly lower than the same formulation 
with no annealing. ^^'^"^"^^ 

The effects of annealing on protein secondary 
structure in the literature are variable. For 
example, Randolph et al.^'''®^ showed that anneal- 
ing accelerated phase separation (and/or crystal- 
lization of one or more components) in the freeze- 
concentrated liquid phase thereby causing con- 
formational changes in hemoglobin. On the other 
hand, annealing prior to primary drying caused a 
reduction in SSA and a more nativelike protein 
secondary structure in lyophilized formulations of 
recombinant human interferon-y (rhlFN-y)^^ and 
bovine IgG. Assessing conformational changes in 
protein structure by infrared spectroscopy will be 
discussed later in this review. 

Atomization and the Air-Water Interface 

Proteins, like many surfactants, are amphiphilic 
polyelectrolytes and therefore siirface active, can 
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adsorb to surfaces and interfaces such as liquid- 
air and liquid-solid interfaces. In general, the 
driving force for protein adsorption is the increase 
in entropy of the water molecules upon adsorption. 
Water molecules are ordered around the hydro- 
phobic protein domains when the protein mole- 
cules are in the bulk of the solution, and removal of 
the hydrophobic domains from bulk water removes 
this order. Proteins adsorb onto the air— water 
interface in several steps.^®"^°° The first step, 
known as the 'induction period' or 'lag phase,' 
involves diffusion of protein molecules from bulk 
solution to the subsurface region. During the 'lag 
phase,' surface tension (-;) of the solution remains 
nearly equal to that of the pure solvent. Induction 
times are not always observed, especially for 
highly concentrated solutions or rapidly adsorbing 
proteins. Induction times depend on the nature 
of the protein. For example, Tripp et al.®^ reported 
that no induction time (at Cb = 0.01 mg/mL) was 
observed for hGH and bovine serum albumin 
(BSA). At the same Cb, myoglobin induction time 
was measured to be 13 min and that of ribonu- 
clease A (RNase) was measured to be 300 min. 

After the 'lag phase,' protein molecules transfer 
from the subsurface region to the air— water 
interface and adsorb. A rapid decrease in }' is 
observed during this phase. The latter phase will 
be the first regime observed if the 'lag phase' is 
absent, as was observed for hGH and BSA. y will 
decrease until a 'mesoequilibrium surface tension' 
(MST) phase is reached where y will remain 
relatively constant or may very slightly decrease 
due to conformational rearrangement of the 
adsorbed protein molecules. Attainment of 
steady state MST indicates that the adsorbed 
protein molecules have achieved their equilibrium 
conformation and surface concentration at the 
air-water interface. MST value depends on both 
nature of the protein and on the bulk concentration 
of the protein Cb-^^'^^ MST for hGH was measured 
to be 37.8 dynes/cm^ at Cb = 1 mg/mL, 43.8 dynes/ 
cm^ at Cb = 0.1 mg/mL, and 47.7 dynes/cm^ 
at Cb = 0.01 mg/mL. For BSA, MST was 
52.7 dynes/cm^ at Cb = 1 mg/mL, 53.8 dynes/cm^ 
at Cb = 0.1 mg/mL, and 55.2 dynes/cm^ at Cb = 
O.Ol mg/mL. Adsorbed protein molecules at the 
surface and subsurface may be exchanged with 
bulk protein molecules (i.e., desorption of surface 
and subsurface molecules) and refold back in bulk 
solution. Alternately, surface adsorption can 
be irreversible due to slow refolding kinetics 
thereby leading to protein aggregation and dena- 
turation.'*^ 
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Proteins usually assume conformations in 
solution that bury nonpolar amino acids in the 
protein "core" to maintain minimum contact 
with water (the hydrophobic interaction), while 
more hydrophilic amino acids are exposed to the 
aqueous environment. If a protein is exposed to 
a hydrophobic interface (i.e., high interfacial 
tension) such as the air— water by means of 
shaking or atomization, or a hydrophobic liquid- 
water interface, or even to ice-liquid interfaces, it 
will orient its hydrophobic amino acids away from 
the aqueous environment. If allowed to remain 
at the interface for sufficient time or if there 
is rapid and large expansion of the air-liquid 
interface (such as with atomization), proteins 
(especially globular proteins) will unfold and 
expose as many hydrophobic groups as possible 
to the nonaqueous "side." If refolding kinetics is 
slow, aggregation may follow by the interaction of 
hydrophobic groups of unfolded protein molecules 
together if refolding kinetics is slow.''^'^°^ Aggre- 
gates may form through covalent and/or noncova- 
lent interactions between protein molecules. 
Covalent bonds may be formed by esterification 
of carboxyl groups in aspartic acid and glutamic 
acid side chains with hydroxyl groups of serine or 
threonine residues. Carbohydrate groups of one 
glycoprotein molecule may crosslink with either 
amino group of lysine on another molecule. Dis- 
ulfide exchange (linkage between free disulfide 
groups) is another common mechanism of aggre- 
gation through covalent bond formation. Nonco- 
valent aggregates, on the other hand, can form 
through noncovalent interactions that occur 
between hydrophobic sites of adjacent protein 
molecules. While exposure to the air- water 
interface has been proven to be a prelude to 
aggregation for many proteins such as hGH, 
BSA, LDH, and P-galactosidase, others such as 
t-PA and rhDNase are not as vulnerable. ^^'^^ 

Several factors influence protein surface 
adsorption and the amount of unfolding that 
occurs at an interface. One is the number and 
distribution of nonpolar amino acids on the protein 
surface, an important factor because adsorbed 
proteins predominantly expose their hydrophilic 
groups to water at the air-water interface.^^ 
Second is the protein rigidity/flexibility in solution 
as determined by the number of intrachain 
disulfide bonds. Hard proteins have more of the 
latter and are therefore less fiexible than soft 
proteins. Protein flexibility strongly impacts 
the number of protein molecules that adsorb to 
the interface and their spreading rate.'^'''^"^ A 
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flexible, noncrosslinked protein will be able to 
unfold easier than will a highly structured and 

crosslinked one. 

Figure 6 shows the in-process stability, as 
measured by size exclusion chromatography, for 
Des-phe human growth hormone (Des-phe hGH) 
spray dried with trehalose and different concen- 
trations of Tween/°^ Low concentrations of Tween 
(below critical micelle concentration [CMC]) did 
not offer Des Phe-hGH significant protection 
against aggregation. On the other hand, the 
addition of 0.1% w/v Tween 20 provided higher 
in-process stability for Des Phe-hGH during spray 
drying, as shown by the lowest aggregate levels 
(soluble aggregates were measured) . These results 
are consistent with those obtained by Mumentha- 
ler et al.^^ Aqueous solutions of recombinant 
methionyl-hGH (Met-hGH) spray dried without 
surfactant showed significant aggregation after 
spray drying. Insoluble aggregates ranged from 
4% to 4.7% and soluble (covalent and non covalent) 
aggregates were slightly over 20%. The addition of 
0.1% w/v Tween 20 reduced the formation of 
aggregates to 5.4% (at an inlet temperature 
90 C) and 7.9%. (at an inlet temperature 150 C). 
A 0.1%) w/v Tween 80 concentration was also 
reported to stabilize hGH against aggregation in 
solution.^"'' Note that this concentration is 
much higher than the reported CMC value of 
Tween 80 (0.0013%).^°^ Figure 7 shows that while 



soluble aggregation is not eliminated by using 
surfactant, and is still at levels higher than using 
an atomization-free drying method (freeze drying), 
aggregation is greatly reduced. Atomization of 
excipient-free recombinant hGH (2 mg/mL)^°® 
resulted in 25% insoluble aggregates and 17.2% 
soluble aggregates. Atomization of the same 
solution with 0.05% Tween 20 resulted in <1% 
insoluble aggregates and 17% soluble aggregates. 
Similarly, spray drying with Tween 80 also led to 
the improvement in process stability of other 
proteins such as LDH'^^ and BSA.^"*^ 

There are two possible mechanisms by which 
nonionic surfactants protect proteins from the 
air -water interface. First, surfactant molecules 
displace protein molecules from the air -water 
interface perhaps by virtue of their lower mole- 
cular weight and hence faster diffusion to the air- 
water interface, accompanied by the fact that 
surfactant is favored at the surface at equilibrium 
too.^®'^^ Thus, less protein will migrate to the air- 
water interface and be susceptible to unfolding 
and aggregation. Additionally because surface 
tension is lowered after surfactant is adsorbed, 
there might be less damage to the protein that does 
adsorb at the air-water interface. 

The second mechanism of stabilization at the 
air-water interface involves binding to certain 
hydrophobic sites on protein molecules, and hence 
a decrease in intermolecular interactions that 
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Figure 6. In-process stability of spray-dried Des Phe-hGH samples with different 
concentrations of Tween (a nonionic surfactant). SEC results showing percentage of 
soluble aggregate formation, as well as monomer content. 
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Figure 7. Spray drying of human growth hormone (hGH) 2 mg/mL hGH, 88 mM 
mannitol, 5 mM sodium phosphate, pH 7.8.^^ Freeze-dried results from Pikal, 
unpublished data. 



would lead to aggregation. Katakam et al.^"'' argue 
that because a surfactant forms a complete mono- 
layer at the air-water interface at its CMC value, 
the protection it offers against aggregation 
should be related to its CMC value. In many 
cases, however, this was not the case. In cases of 
interaction, the concentration of surfactant 
needed to protect the proteins from aggregation 
at the air- water interface was correlated to the 
molar binding stoichiometry between surfactant 
and protein, rather than to the CMC of the 
surfactant. Values for molar binding stoichiome- 
tries for the different proteins studied showed only 
minor variations. For example, the molar binding 
stoichiometry of Tween 20 to HSA was determined 
to be ~11:1, to hGH was ~10:1 and to albutropin 
was -10:1. The CMCs of Tween 20 (59 ^M) and 
Tween 80 (12 [iM) were found to shift to 
lower Tween concentrations in the presence of 
hGH.*^'' On the other hand, the CMCs of both 
surfactants were shifted to >100 |iM in the 
presence of albutropin. The authors attributed 
the latter observation to possible binding between 
surfactant and albutropin, and as a result, the 
amount of surfactant needed to saturate the air- 
water interface increased. Surfactants may bind to 
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the folded protein or to the partially unfolded 
protein. If surfactant binds to the native folded 
protein, then stabilization is explained by stating 
that the free energy of unfolding is increased by 
virtue of the binding interaction (i.e., the free 
energy of the native state is lowered by the binding 
interaction). In cases where surfactants bind 
transiently with partially un-folded protein mole- 
cules, they are believed to act as chemical 
chaperones that favor refolding over aggregation 
and sterically hinder intermolecular interactions 
that may lead to aggregation. Thus, the protein is 
prevented from falling into kinetic traps or more 
time is allowed for the protein to refold.^"* 

While nonionic surfactants generally do not 
denature proteins even at high concentrations,^^ 
ionic surfactants do. Ionic surfactants bind to 
proteins in two stages. The first involves 
electrostatic attraction forces (e.g., sulfate anion of 
sodium dodecyl sulfate (SDS) with positively 
charged lysine, histidine, and arginine) and 
binding of hydrophobic regions occur on both 
species by hydrophobic interaction. The second 
stage involves unfolding of protein tertiary struc- 
ture followed by hydrophobic interaction with the 
exposed nonpolar groups of the protein. 
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Dehydration 

Dehydration is the ultimate result of any drying 
method, and the extent of dehydration may differ 
from one drying method to another. The removal 
of 'bound water' from the system is accompanied 
by a reduction in the total number of intermole- 
cular hydrogen bonds between water and protein 
molecules. Moreover, many charges on the pro- 
tein molecules will be exposed to each other when 
water molecules of solvation are removed. 

According to the water substitution hypoth- 
esis,^^'"'"'"'^'^^^'^^'' a significant thermodynamic 
destabilization occurs when the hydrogen bonding 
between protein and water is lost during drying. 
Therefore, native structure preservation can be 
accomplished by the use of a "water substitute" 
such as a saccharide or polyol lyoprotectant. A 
water substitute is a moiety that is capable of 
hydrogen bonding to specific sites at the surface 
of a protein much as water and stabilizes via a 
"thermodynamic mechanism." That is, stabiliza- 
tion is achieved by maintaining the free energy of 
unfolding very high such that essentially all of the 
protein is maintained in the native conformation. 
The relationship between preservation of native 
structure and protein long-term storage stability 
is based upon empirical observations and will be 
discussed later. Another mechanism proposed 
for stabilization during dehydration is a purely 
kinetic stabilization mechanism, whereby pro- 
teins are mechanically immobilized in a glassy 
solid matrix during dehydration.^^' Translational 
and rotational motions of the protein, or motion of 
groups that constitute the protein, are too slow 
to allow significant unfolding during the drying 
operation. ^^'^^^ Thus, the protein conformation 
is stabilized regardless of the free energy of 
unfolding. 

Nonreducing di- and tri-saccharides, such as 
sucrose, trehalose, or raffinose, are normally good 
drying stabilizers.^^'"'"'''^'^^^ They qualify as good 
water substitutes and also form glasses which, via 
hydrogen bonding, can couple protein dynamics to 
matrix dynamics. Regardless of the mechanism, 
the key principle to insure protein stabilization 
during dehydration is that the 'water-substitute' 
or stabilizer remains in the same amorphous phase 
as the protein. Under certain conditions, some 
stabilizers will phase separate from the protein or 
crystallize from the amorphous phase during 
dehydration. For example, mannitol readily crys- 
tallizes out during freeze drying. Components 
that crystallize will not be available in the 



amorphous phase to contribute to protein stabili- 
zation by either thermodynamic or kinetic 
mechanisms. Altering processing conditions and 
formulation components can manipulate the 
degree of crystallization. ^^^'^^^ Under circum- 
stances where mannitol remains mostly amor- 
phous, mannitol has been shown to protect 
enzymes during lyophilization in a concentra- 
tion-dependent manner. ^^^'^^^ The presence of 
other components at appropriate levels can inhibit 
mannitol crystallization and thereby increase its 
availability as a stabilizer in the amorphous 
phase. For example, the presence of glycine and 
potassium phosphate has been shown to inhibit 
the crystallization of mannitol during freeze 
drying of hGH and LDH, respectively.^^'"^ 

PHYSICO-CHEMICAL PROPERTIES 
CRITICAL TO STABILITY OF 
AMORPHOUS PHARMACEUTICALS 

Drying can give rise to powders that are amor- 
phous, crystalline, liquid crystalline, or a mixture 
of these phases.^^'^^^"^^^ Many tools have been 
used to identify the physical state of the powder, 
most important of which are x-ray powder 
diffraction, modulated differential scanning 
calorimetry (MDSC), and polarized light micro- 
scopy.^^'^^^ 

Differences in physico-chemical properties 
and stability between amorphous formulations 
prepared by different drying methods have 
been observed, even when no phase separation 
occurred. However, the origins of these differences 
and their product quality consequences, particu- 
larly for long-term storage stability, are not always 
obvious. In this section, we will discuss some 
important physico-chemical properties that may 
be of particular value in predicting product quality 
consequences of drying method differences and 
hence assist in decision making with regards to 
drying method selection. 

Protein Secondary Structure 

Fourier transform infrared spectroscopy (FTIR) is 
an increasingly popular method for quantifying 
the loss of native structure or the degree of 
perturbation in secondary structure upon drying. 
Structural information is usually obtained by 
analysis of the amide I band located between 
1600 and 1700 cm~^. It arises mainly due to the 
in-plane C=0 stretching vibration of the peptide 
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linkages that constitute the backbone structure 
and is known to be sensitive to protein secondary 
structures and conformational changes/^" Others 
have also used the amide III region for the 
quantitative analysis of secondary structure, for 
example, in secondary structure assessment of 
tetanus toxoid^^^ and recombinant human albu- 
min/^^ There are several ways for quantitative 
analysis of the area-normalized, baseline- 
corrected second-derivative spectra at the amide 
I (or III) regions to measure structural damage, as 
for example determining the spectral correlation 
coefficient (r value). The latter is a value that 
measures the similarity or the area of overlap 
between second-derivative amide I spectra in 
solution (native state or reference) and in the 
solid state, i^^'i^^ 

In-Process Stability 

As was discussed earlier, dehydration is the 
main contributor to the perturbation in protein 
secondary structure during drying/^^ Several 
studies document a relationship between the 
drying method and preservation of nativelike 
protein structure. The degree of perturbation of 
protein secondary structure can differ from one 
drying method to the other due to the nature of 
stresses that occur during drying (other than 
dehydration). Such stresses can damage native 
protein structure to different degrees. Allison 
et ai}^ reported that less sucrose was required 
to stabilize the native structure of actin in air 
drying, as compared to freeze drying. Crystal- 
lization of one component or separation of two or 
more amorphous phases (i.e., phase separation) 
during drying may also result in unfolded protein 
in the dried powder.^'''''^'^^'''^^'''^^*^ A freeze-dried 
PEG/dextran system showed phase separation, 
which had a negative impact on the secondary 
structure of hemoglobin in the dry solid. More- 
over, it was found that annealing in the frozen 
state accelerated phase separation and caused 
more perturbation in protein secondary structure, 
the magnitude of the effect increasing with 
increasing annealing time.^^ The use of a different 
drying method, SFD, led to a more native protein 
structure.™ Recall that freezing rate in SFD is 
orders of magnitude higher than in a normal 
freeze drying cycle. It is possible that the fast 
cooling rate, and hence quenching the system in a 
frozen state, occurred at a timescale much faster 
than the timescale required for phase separa- 
tion.™ 
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Although the expected outcome of more native- 
like protein structure is better in-process stability 
(or recovery of biological activity post drying), 
there are conflicting reports as to whether there 
is a correlation or not. It is possible that this 
uncertainty arises because activity retention 
might be correlated with reversibility of denatura- 
tion (which differs from one protein to another). In 
other cases, the relationship between in-process 
stability and secondary structure might simply be 
obscured by a lack of sufficient sensitivity of FTIR 
to the structural changes that impact stability. 
A few examples on the influence of drying method 
on protein secondary structure and in-process 
stability are documented. In a study by DePaz 
et al.,^^ structural perturbation of subtilisin was 
found to be greater in excipient-free lyophilized 
formulations versus spray-coated formulations 
which correlated well with in-process stability. 
On the other hand, a poor correlation was observed 
between preservation of native structure and 
recovery after drying in a series of samples 
generated using different drying methods in both 
the presence^®'^^ and absence^^ of stabilizers. 

Storage Stability 

The preservation of native protein structure 
during and after drying is expected to strongly 
influence the storage stability of proteins.^"'^"''"^^® 
There are few studies, however, that correlate the 
degree of preservation of secondary structure in 
the solid state to storage stability. One such 
report is by Prestrelski et al.^^^ Storage stability 
of freeze-dried Interleukin-2 (IL-2) formulations 
at both 30 and 45°C improved dramatically as the 
protein acquired a more nativelike structure after 
drying, evidenced by higher spectral correlation 
coefficients (r) (Fig. 8). Protein freeze dried from 
solutions formulated at a higher pH showed a 
greater degree of perturbation in secondary 
structure and, as a result, poor stability. Also 
Chang et al.^^° found a correlation between 
sucrose level, perturbation of secondary structure 
after drying and storage stability of freeze-dried 
formulations of IL-1 receptor antagonist. 

The correlation between storage stability and 
protein secondary structure of systems prepared 
by different drying methods, on the other hand, is 
poorly understood. Sane et al.^^ studied the 
secondary structure of a monoclonal antibody 
in spray- and freeze-dried formulations by 
Raman spectroscopy. The authors found similar 
secondary structure of the protein in spray- and 
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freeze-dried formulations. In spite of these simila- 
rities, storage stability in the spray-dried formula- 
tion was inferior. Changes in other powder 
properties that may help explain stability dif- 
ferences, however, were not examined. 

Molecular Mobility 

Little has been done to measure and compare 
molecular mobility in the same formulation 
prepared by different drying methods. The two 
major types of molecular mobility investigated 
have been global dynamics (motions that occur 
on very long timescales and are correlated or 
"coupled" to viscosity) and fast dynamics (motions 
that occur on very short timescales and involve 
small length scales). The impact of molecular 
mobility on the storage stability of proteins in 
the glassy state prepared by different drying 
methods is not well studied in the literature. In 
this section, we will discuss the importance of 
molecular mobility and its impact on storage 
stability. 

Global Dynamics (x-Relaxations) 

Upon cooling a melt, volume, enthalpy, and 
entropy decrease, and viscosity is greatly in- 



creased, thereby slowing molecular motion such 
as translational or rotational diffusion. 
Motions strongly correlated to viscosity are 
termed ot-relaxations or global motions, with the 
term "structural relaxation time" denoting the 
time constant for a fundamental "cx" or global 
motion.-^-^^'-^^-^'-^^^ In a glass, with more limited 
"free volume," or space in which a molecule can 
easily move, whole molecule motion requires 
simultaneous motion of many neighbors, or 
motion that is highly cooperative. Since highly 
cooperative motion is improbable, and therefore 
occurs only infrequently, the time taken for 
molecules in the system to undergo global 
motion (i.e., motion on a large length scale such 
as over a molecule diameter) will, therefore, 
increase.^^^'^'^^'^^^ The reciprocal of structural 
relaxation time (1/t), may be termed a "global 
mobility." 

Structural relaxation time can be measured by 
measuring the time-dependence of enthalpy 
relaxation using calorimetry. Global (or a-relaxa- 
tions) in glasses typically occur over a time period 
in excess of 100 s, and x values of hours and even 
years are not uncommon at pharmaceutical^ 
relevant temperatures.^^^'^^'''^^'^ At temperatures 
well below the glass transition temperature (Tg), 
a-relaxations become very highly cooperative and 
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slow greatly."'^'^^^ The Kohlrausch-Williams- 
Watts (KWW) equation (Eq. 1) is commonly used 
to describe the kinetics of relaxation as obtained 
from calorimetric techniques:^'^-'"^"^'^^'* 

<P(0 = exp^-(^^y'| (1) 

where <Pit) is the relaxation function and t is 
time. T is the characteristic relaxation time and 
iS (0 < < 1) is the stretching parameter,'"''"^'^^*^ 
which reflects the extent to which the relaxation 
process deviates from exponential behavior. ^^'''^^^ 

Relationship between ^-Relaxations and Re- 
activity. Although the high viscosity in a glass 
(>10^^ Pa s) greatly slows the a-relaxations/^^'^^^ 
many reactions do proceed at a measurable rate 
below Tg/34,135,137,139-147 whether the reaction is 
unimolecular or bimolecular/''' for example, che- 
mical reactions or aggregation. The fact that 
these reactions occur means there is sufficient 
molecular mobility and free volume in the amor- 
phous state to allow the acquisition of molecular 
configurations favorable for a chemical or physical 
reaction (or both) to occur.^'"'^'^''"'^''^ i'i6,:4<s i5o 
Since both degradation and structural relaxation 
in the solid state require motion of some type, it is 
expected that storage stability and structural 
relaxation are correlated. Moreover 
if the motion required for a certain degradation 
reaction to occur requires the same type of mobility 
as the ot-relaxations, then structural relaxation 
time and stability should be nearly proportional. It 
is possible to evaluate the effect of molecular 
mobility on degradation in amorphous pharma- 
ceuticals by comparing the degradation rates with 
structural relaxation times. A perfect coupling 
between both would result in direct proportion- 
ality. One, however, should not generally expect a 
direct proportionality between stability and struc- 
tural relaxation time since the free volume 
requirement for decomposition may not be exactly 
the same as that for structural relaxation. 

Grood correlations have been reported between 
chemical reaction rates and structural relaxation 
time for low molecular weight drugs,^^^'^''°'^^^ as 
well as for peptides and proteins. Guo et al.^''° 
reported the similarity of temperature dependence 
for the rate of chemical decomposition (cyclization) 
of quinapril below Tg and r (estimated using 
Adam-Gibbs-Vogel equation), suggesting that 
cyclization of quinapril is related to moleculsir 
mobility. A similarity of temperature dependence 
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between ^go (the time for 10% of the drug to 
undergo a degradation reaction) for an acetyl 
transfer reaction (between aspirin and sulfadia- 
zine) and T below Tg in amorphous matrices with 
dextran and polyvinyl pyrrolidone was also 
reported by Yoshioka et al.,^^^ suggesting that ^go 
for acetyl transfer was related to molecular 
mobility. Roy et al.^^^ determined a good correla- 
tion between chemical degradation rates of lyo- 
philized formulations of a Vinca alkaloid-antibody 
conjugate with T-Tg at various moisture contents 
and at two different temperatures. Similar to 
chemical reactions, good correlations have been 
reported between rates of physical changes 
and structural relaxation time for peptides and 
proteins. Duddu et al.^^^ found a correlation 
between aggregation of a monoclonal antibody in 
lyophilized formulations and molecular mobility, 
as measured by enthalpy relaxation time. Also, 
Yoshioka et al. found that aggregation of BSA in 
the solid state increased as molecular mobility 
(measured by nuclear magnetic resonance) 
increased. 



Relationship between 'Annealing' a Glass 
and Improving its Storage Stability. Slowing 
a-relaxations should minimize the reactivity of a 
species in the amorphous state. ^'^^ The sponta- 
neous process by which different properties of a 
glass stored below its Tg continue to change over 
time, in an attempt to attain equilibrium, is called 
physical aging. For example, free volume 
decreases, structural order increases (i.e., config- 
uration al entropy decreases) and heat is given off 
(enthalpy relaxation). ^^^'^^^ Physical aging has 
been shown to slow a-relaxations in glasses, 
thereby increasing t.^'^°'^'^^ Physical aging can be 
accomplished by several means, for example, by 
subjecting a glass to high pressure isothermally^^^ 
or by annealing — otherwise also referred to as 
'densification'.^43'i4«'i^**-^^° The term 'annealing' 
simply means heating an amorphous sample below 
its Tgfor a period of time. A glass will approach the 
"equilibrium glassy state" asymptotically during 
an annealing process. In theory, this should result 
in an increase in the structural relaxation time 
(i.e., a decrease in mobility). This, in 
turn, should slow a degradation process. ^^^'^''^ The 
earliest report on the possible beneficial effect of 
annealing on the glassy state is by Mardaleishvili 
and Anisimov^^^ In their study, polymethyl 
methacrylate (PMMA) films (with an initiator for 
formation of free radicals via a photochemical 
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reaction) were annealed at two different tempera- 
tures below Tg for different periods of time. 
This was followed by sample irradiation at a 
wavelength of 365 nm to initiate free radical 
formation. Accumulation of free radicals in the 
different films was measured as a function of time. 
The sample annealed at the higher temperature 
showed the smallest rate of accumulation of 
free radicals. Additionally as annealing time at 
the same temperature increased, the rate of 
accumulation of free radicals decreased. In all 
cases, the rate of free radical formation was 
observed to decrease with time. Madsen et al.^^° 
followed the stability of annealed and untreated 
borophosphosilicate glass films. Degradation via 
loss of boron (B) was followed by observing the 
ratio of B-0 to Si-0 peak intensities using FTIR. 
High temperature annealing resulted in restruc- 
turing and ordering of the glass leading to 
improved long-term chemical stability. A 2-year 
storage period revealed more significant changes 
in untreated films than in annealed films. 
Untreated films showed hazing (opalescence) and 
a decrease in height of the B-0 peak, and hence a 
decrease in the ratio of B-0 to Si-0 peaks. 
Annealed films showed no hazing and the ratio of 
B-0 to Si-0 peak heights remained unchanged 
indicating no significant loss of B during prolonged 
storage. Recently, Hill et al.^ " investigated the 
Maillard reaction in an annealed and untreated 
glassy system of lysine HCl in trehalose, sucrose, 
and glucose (in a ratio of 13:5:1, respectively). They 
found that aging moderately lowered the reaction 
rate (-20%). 

Process Implications. In summary, evidence 
from the literature shows that thermal history, 
a-relaxation, and annealing all impact global 
dynamics. The latter has been correlated to 
storage stability. Therefore, one can reason that 
if largely different thermal histories and/or 
annealing conditions are involved in different 
drying processes (revisit and compare Figs. 1-5), 
there may well be significant differences in global 
dynamics between glasses prepared by different 
methods and hence different storage stability. It 
was reported^^^ that a sucrose glass prepared 
by spray drying has a smaller relaxation time 
(i.e., faster global mobility) than quench-cooled 
sucrose and freeze-dried sucrose. However, to this 
date, there are stiU insufficient data in the 
literature to define the impact of different drying 
processes on both global dynamics and storage 
stability in the same system. 



Fast Dynamics (fi-Relaxations) 

It has been proposed that dynamics other than 
global motions may be important for protein 
stabilization in glasses, since faster relaxations 
termed p-relaxations have been observed in 
glassy materials. p-relaxations are re- 

presentative of fast dynamics and they involve 
localized motion of specific portions of the mole- 
cule. They can occur over a broad range of 
timescales, anywhere between vibrational and 
rotational motion timescales.^'*^'"'^®^'^^^'"'^^® It is 
argued that p-relaxations influence diffusion of 
small molecules such as gases in systems of larger 
molecules, and possibly control small amplitude 
protein motions that can result in protein aggre- 
gation. ^^^'^^^'^^^ The concept of fast dynamics is 
relatively new to the pharmaceutical industry. 

Motivation for the Study of Fast Dynamics. 
Where an increasing number of studies have 
demonstrated that storage stability of amorphous 
pharmaceuticals is closely related to global 
dynamics, there are a few examples in literature 
that suggest a poor correlation between stability 
and global dynamics. The contribution of molecu- 
lar mobility was found to be small in insulin 
degradation and dimerization in formulations 
freeze dried with trehalose under high (but 
not low) humidity conditions,^^^ as well as in 
poly(vinyl)pyrrolidone (PVP) systems. ^^'^■^^^ 
Excellent preservation of enzyme activity was 
observed for EcoRI enzyme in sugar-enzyme 
systems above the glass transition temperature 
(sugars were sucrose, trehalose, or raffinose) 
dried by vacuum drying. Similar results were 
obtained above the glass transition temperature of 
formulations of the restriction endonuclease 
Hindlll enzyme in sucrose or trehalose matrices 
with glycerol, and formulations of glucose-6- 
phosphate dehydrogenase in a sucrose matrix. 
This is a surprising observation since above Tg, 
global motions and diffusion are nominally suffi- 
ciently free to allow relatively rapid reaction rates. 

It has been suggested that well below the glass 
transition temperature, the contribution of global 
motions is minimum in reactions (chemical or 
physical), and the degradation process is con- 
trolled mainly by p-relaxations. Hence, 
global dynamics may not always be critical in 
storage stability problems. 

Correlation of Fast Dynamics to Stability. Re- 
cently, incoherent elastic neutron scattering using 
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the high flux backscattering spectrophotometer 
(HFBS) has been used to measure fast dynamics in 
the solid state. A comprehensive review of the 
basis of operation of HFBS and details of data 
analysis are reported in literature.^^^'^^^ Briefly in 
an incoherent elastic neutron scattering experi- 
ment, monoenergetic incident neutrons collide 
primarily with hydrogen atoms in the samples. 
After collision, neutrons are scattered elastically 
or inelastically. The intensity of the scattered 
neutrons, /mc, is measured as a function of the 
scattering wave vector (Q) and frequency (co). 
Scattering events from motions at timescales of 
>5 ns or more are counted as elastic with the 
HFBS, and static structural information on the 
sample is obtained. The Q-dependence of the 
incoherent elastic scattering /i„c is analyzed 
in terms of the Debye-Waller factor (a harmonic 
oscillator model) where the mean-squared ampli- 
tude of atomic motions in the sample <n^> is 
given by 

/inc(Q,a; = 0)ocexp(^-iQ2^M')) (2) 

Cicerone et al.^^^ showed that the addition of a 
small amount of glycerol to an amorphous matrix 
of horse radish peroxidase (HRP) and PVP 
resulted in increased stability of HRP, even though 
glass transition temperature was lowered. A 
similar effect was observed with yeast alcohol 
dehydrogenase. These results are surprising given 
the fact that glycerol causes a decrease in Tg which 
would decrease molecular mobility on the global 
motion timescale. Improvements in stability were 
consistent with a decrease in mobility associated 
with p relaxation, as measured by neutron scatter- 
ing studies. Therefore it appeared that glycerol, a 
plasticizer for global motions, acted as an anti- 
plasticizer for the p-motions. 

Recently, Yoshioka et al.^^*' used ^'^C solid-state 
NMR to study the correlation between storage 
stability and p-relaxations of freeze-dried insulin 
formulations, using Tip (rotating frame spin- 
lattice relaxation time) as a measure of mobility. 
Tip reflects rotational motion of protons with a 
certain relaxation time value (tc).^^^ Yoshioka 
et al. found that the degradation rate of insulin 
freeze dried with dextran was greater than insulin 
freeze dried with trehalose at low relative humid- 
ity. Insulin degradation occurs via a cyclic inter- 
mediate formation, which is not believed to require 
large-scale motions. Improvement in stability 
with trehalose was attributed to the inhibition of 
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p-relaxations, as evidenced by higher Tip values 
with trehalose formulations (--200 ms in trehalose 
vs. '-^lOO ms in dextran), possibly as a result of the 
greater ability of trehalose to interact with insulin 
via hydrogen bonding. 

Process Implications. The effect of thermal his- 
tory on p-relaxations is not well understood but 
evidence from the literature has shown that 
formulation does impact fast dynamics. Further- 
more, in some cases, fast dynamics has been 
correlated to storage stability. If ther- 

mal history does in fact impact fast dynamics in 
systems where fast dynamics are relevant to 
stability, then one would expect process variations 
would impact stability. 

Specific Surface Area (SSA) and Surface Composition 

Motivation for the Study of SSA and 
Surface Composition 

In the studies by Sane et al."^^ mentioned earlier, 
no differences were observed between the second- 
ary structure of rhuMAb formulations prepared 
by spray drying or freeze drying. However, 
storage stability of rhuMAb was better in freeze- 
dried formulations. It is well known that powders 
produced by spray drying usually have a higher 
SSA than corresponding materials prepared by 
freeze drying. Therefore, we expect spray-dried 
rhuMAb formulations to have higher SSA. More- 
over, because of its surface activity, we expect 
that more rhuMAb has migrated to the surface of 
the spray-dried powder. It is becoming well 
known that there may be significant separation 
of protein from stabilizer during drying. The 
surface region becomes rich in protein and the 
interior therefore must become richer in stabilizer 
(Fig. 9). Although there may be spatial variation 
in composition in freeze-dried materials as well, it 
does appear that composition variation in spray- 
dried materials can be an order of magnitude 
larger. ^^'^^^ Since one normally finds that the 
stability of a given protein improves as the weight 
ratio of stabilizer to protein increases, it follows 
that the separation of components may have an 
adverse stability consequence. That is, the protein 
near the surface would be much less stable than 
the overall composition would suggest. However, 
the implications of such component separation 
on storage stability are poorly understood. 
Determination of surface composition of dried 
powders and correlating these measurements to 
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Figure 9. Cross-section through a dried particle 
where active ingredient (protein) molecules (closed 
circles) are not homogeneously distributed throughout 
the stabilizer matrix. Vg — Volume fraction of the sur- 
face detected by ESCA; Vr = Total volume of the particle; 
J'ps = Fraction of protein at the surface detected by 
ESCA; FpB = Fraction of protein in the bulk of the dried 
particle; and Fp.Totai = Total amount of protein added 
(■^ps +-P'pb)- 



SSA measurements is a relatively new application 
in the pharmaceutical field. In this section, we 
will discuss the importance of surface composition 
and SSA to stability of proteins and biologies. 

Composition Heterogeneity 

Composition or chemical heterogeneity refers to 
the separation of chemical components during 
drying without phase separation. 
That is, separation of stabilizer from protein can 
occur, and hence there will be a concentration 
gradient of the protein molecule across the dried 
particle, and hence uneven distribution of 
protein and excipients (Fig. 7). Composition 
heterogeneity is thought to arise from the surfac- 
tant properties of the protein (meaning that 
protein thermodynamically favors migration to 
the air-water interface),^*^-*^^'^"'^'"^""^ and the 
use of a surfactant has shown to significantly 
reduce the accumulation of protein at the surface, 
especially for spray-dried powders. ^^'^^'"^"^'"^^^ 
Development of composition heterogeneity from 
a solution initially uniform in composition 
requires molecular mobility. That is, one must 



have the molecular mobility to support the 
mutual diffusion needed to create separation of 
components. Such composition heterogeneity 
could arise during freezing for a freeze drying 
process and during most of the drying process 
for a spray-dried material. However, once the 
material is well below its glass transition tem- 
perature, it seems unlikely that sufficient trans- 
lational mobility would exist to allow further 
separation of components. 

Component separation and surface composition 
of dried pharmaceutical powders have been docu- 
mented by using special surface analysis techni- 
ques such as Electron Spectroscopy for Chemical 
Analysis (ESCA) or x-ray photoelectron spectro- 
scopy (XPS).^'^''^2-i°«'i'4-i^«-i^«'"« Briefly, surface 
analysis by ESCA is accomplished by irradiating 
the solid sample in vacuum with monoenergetic 
soft x-rays and sorting the emitted electrons by 
energy. The spectrum obtained is a plot of the 
number of emitted electrons per energy interval 
versus their kinetic (binding) energy. Since the 
mean free path of electrons is very small, electrons 
emitted from deeper layers lose energy by inelastic 
collisions on the way to the surface and are no 
longer able to leave the solid phase. Therefore, 
electrons which are detected originate only from 
the top few atomic layers, with a sampling depth of 
~50 A below the surface.^^'^^° 

Surface Coverage 

The spectral peaks from a mixture are approxi- 
mately the sum of the elemental peaks from the 
individual constituents. From an analysis of 
the relative amount of the different elements in 
the pure components and in the powder, one can 
determine surface composition of each chemical 
component (i.e., surface coverage or surface 
concentration for each component).^^'^"^'^''^'^^^'^®^ 
ESCA can detect all elements except helium and 
hydrogen atoms. 

Assume a freeze-dried powder composed of a 
protein such as BSA, sucrose and Tween. BSA 
mainly contains carbon (C), oxygen (O), and 
nitrogen (N). Both the stabilizer and surfactant 
contain only C and O. The N peak is, therefore, 
indicative of the presence of the protein in the 50 A 
surface region^^'^^^ of the freeze-dried powder, 
and therefore it is possible to determine the 
protein surface coverage. '^^■^"^■^^^-^^^'"^ The 
atomic percent of element in) in the pure chemical 
component (i.e., molecule), j (i.e., if) are desig- 
nated for the protein, ir for the surfactant 
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where isampie, ■Sample, and /sample are the atomic 
% of C, O, N, respectively, on the sample surface 
being analyzed by the X-ray^ beam (which is 
the surface region roughly 50 A deep, and is the 
parameter provided by the apparatus from the 
signal intensity and the known sensitivity factor 
for that element). In summary, assuming that the 
elemental composition in the surface region is a 
linear combination of the elemental compositions 
of the different molecular species present, the 
data on the elemental composition can be used to 
estimate the molecular composition of the surface 
layer by solving a matrix equation: Cy ^ c, where 
C is the matrix containing the elemental composi- 
tions of the molecular species (atomic %), c is the 
vector containing the elemental surface composi- 
tion (atomic %) and y is the surface coverage of the 
different molecular species. Note that since 
surfactant and stabilizer molecules are devoid of 
N atoms. It =Is= 0. yj is the relative coverage of 
component "j," that is, yp, yr, and ys are the 
fractions of the surface area covered with protein, 
surfactant (Tween), and stabilizer, respectively. 
In reality since some signal could originate from 
slightly below the surface itself, it is probably 
more proper to interpret yj as the volume fraction 
of the component j in the surface region being 
sampled by the X-ray beam. The linear least 
squares method is then applied to solve the matrix 
for each yj. Note that the relationship given by the 
equations relating ilampie to yj is based on the 
assumption that the ESCA response from a given 
component is proportional to the fraction of the 
surface area (or volume in the surface region) that 
is occupied by that component. 

Factors Affecting Protein Surface Coverage 

The surface activity of different components has 
shown to strongly impact protein surface cover- 
age. The surface composition of spray-dried 
protein-lactose systems was studied by ESCA.^^® 
Lactose-protein solutions were prepared in dif- 
ferent ratios, and in all cases, the ratio of BSA or 
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sodium caseinate to lactose on the powder surface 
was always higher than would be expected from a 
homogeneous system. Solution surface tension 
measurements prior to spray drying showed that 
surface tension decreased as protein concentra- 
tion increased, with a plateau level attained at a 
protein concentration of ^1%. ESCA measure- 
ments revealed that protein starts to appear on 
the powder surface created by drying solutions 
containing as little as 0.01% protein. As protein :- 
lactose ratio increased, a sharp increase in protein 
surface coverage in the dry powder was observed. 
At a proteindactose ratio of 5:95, roughly 65% 
of the surface was covered with protein and a 
maximum protein surface coverage of 75% was 
attained. Similarly, Adler et al.^°^ detected a 
surface excess of BSA on the surface of spray- 
dried powder formulated with trehalose (i.e., 
more protein than would be expected from the 
surface of a homogeneous sample). On the other 
hand, a surface deficiency of BSA was observed 
upon the addition of Tween 80 or SDS to the BSA/ 
Trehalose system (i.e., less protein than would 
be expected from the surface of a homogeneous 
sample). Similar results were obtained with 
spray-dried LDH/trehalose systems, in the pre- 
sence and absence of Tween 80.^^ Therefore, it 
appears that composition heterogeneity occurs 
during drying, and that the most surface active 
component in solution (assumed to be protein in 
surfactant-free formulations and surfactant 
in surfactant-rich formulations) enriched the 
surface of the drying solutions and hence 
was concentrated on the surface of the dried 
powders.^^''^^'i°«'i^^'^^^'^'«'i«^ Other studies con- 
firm that the composition at the droplet surface 
was preserved during spray drying. ^^^'^^^ In 
contrast, in a mixture of glycine and lactose, 
neither component is surface active and neither 
component showed any accumulation at the 
surface."^ 

Diffusion and convection are the rate-limiting 
steps for adsorption and mass transport during 
spray drying.^^'^^^'^®^ Consequently, surface 
active molecules with fast adsorption kinetics 
and fast diffusion (i.e., small molecular weight) 
are likely to be adsorbed faster than slower 
moving, even if the latter could provide a lower 
equilibrium surface tension.^^'®^'^°®'^®^ Here, 
adsorption refers to the migration of protein and/ 
or surfactant molecules to the air- water interface. 
Landstrom et a\}^^ studied the competitive 
adsorption behavior between BSA (molecular 
weight: 66000) and p-lactoglobulin dimer (p-Lg) 
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(molecular weight: 36000) in solution and their 
surface accumulation in spray-dried powders. 
Both proteins are surface active, with p-Lg show- 
ing more surface activity than BSA. Additionally, 
diffusion coefficient (D) of p-Lg in solution 
(9.7 X 10"" m^/s) is higher than that of BSA 
(6.7 X 10~^^ m^/s). At various proportions of pro- 
teins used in solution, p-Lg was always found to 
dominate the surface of spray-dried powders, 
although it is not obvious whether the dominant 
effect was differential diffusion or differential 
surface activity. 

The drying method, the type of interactions 
between a stabilizer and protein and the propen- 
sity of a stabilizer to crystallize out impact protein 
surface coverage. In a study by Fureby et al.,^^^ 
porcine trypsin was freeze dried with different 
stabilizers (lactose, sucrose, mannitol, a-cyclodex- 
trin, and dextrin), and protein surface coverage 
was measured by ESCA after drying. The observed 
differences in protein surface coverage were 
correlated to differences in interactions between 
the protein and the different stabilizers used 
(e.g., chelation vs. no chelation), and propensity 
of some stabilizers to partially crystallize out 
(mannitol and sucrose). When frozen solutions 
were subjected to an annealing treatment above 
Tj,',^^'' protein surface coverage increased (except 
in one case with a-cyclodextrin, suspected to 
chelate with the protein). Upon spray drying the 



formulations, protein surface coverage was sig- 
nificantly higher than the corresponding freeze- 
dried formulations. 

The drying method and molecular weight of the 
stabilizer used were also shown to impact protein 
surface coverage. BSA was freeze dried and 
spray dried with stabilizers of different molecular 
weight (trehalose, raffinose, stachyose, dextran 
10000, dextran 40, and ficoll 70). Protein surface 
coverage was measured by ESCA after drying. 
Similar to the results obtained by Fureby 
et al.,^^^'^^^ protein surface coverage was signifi- 
cantly higher in spray-dried preparations as 
compared to the same preparations freeze dried 
(Fig. 10). Additionally, protein surface coverage 
was found to be a function of molecular weight of 
the stabilizer. More protein surface coverage was 
observed with higher molecular weight stabilizers, 
regardless of the drying method (Fig. 10). Similar 
observations were obtained with myoglobin freeze- 
dried formulations.^"'' If differential diffusion 
coefficient were controlling surface concentration, 
one would expect greater surface protein concen- 
tration in the case of small molecular weight 
excipients (i.e., larger difference in diffusion 
coefficients between excipient and protein). How- 
ever, surface protein concentration was larger 
with the polymeric excipients indicating that there 
are other factors that may control protein surface 
coverage. 




Figure 10. Protein surface coverage for freeze- and spray -dried formulations of BSA 
with stabilizers of different molecular weight. Composition of all formulations is 5% BSA 
and 95% stabilizer. 
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Total Protein Surface Accumulation and Factors 
Affecting Total Protein Surface Accumulation 

Total protein surface accumulation C^^jPtotai-surface) 
reflects how much of the total protein (% w/w) 
added to the formulation has accumulated at the 
surface of the powders. Total protein surface 
accumulation is an important parameter since it 
is the protein fraction in a potentially reactive 
state. For long, ESCA studies have traditionally 
only reported protein surface coverage. The latter 
is a good measure of the degree of homogeneity 
only at the surface but does not directly measure 
the amount of protein at the surface. Using both 
protein surface coverage and SSA, one can 
calculate what fraction of the total protein has 
accumulated at the surface of the powder and 
what fraction remains in the bulk. If SSA is very 
low the fraction of protein accumulated at the 
surface will be small even if protein surface 
coverage is high. 

Total protein surface accumulation can be 
calculated from knowledge of the protein surface 
coverage, the volume fraction of the powder sensed 
by ESCA, and the SSA of the powder. The volume 
fraction sensed by ESCA can be given by: 



Vt 



(6) 



where Vs is the volume of the outmost shell and 
Vt is the total volume of particles. Vr is mass 
divided by density (m/p) and Vs is unit area (A) 
times length (1) where Z = 50 A or 5 nm, that is, 
the thickness of the outermost detected shell by 
XPS. Since SSA is area per unit mass (m^/g), then 
Vs can also be expressed as Z x m x SSA There- 
fore, 



Vs 



rz X m X SSA] 



= l> 



(7) 



where p has been taken to be roughly 1.1 g/cm^.^^ 
Therefore, total protein surface accumulation or 



the percent of total protein occupying the surface 
(%-Ptotai-surfacG) cau be giveu by: 



%-Ptot 



_ Fsp X (Vs/Vt) X 100 



(8) 



where F^p is the fraction of the surface that is 
protein (i.e., yp/lOO) and FpTotai is the total 
fraction of the formulation that is protein. 

Calculations for %Ptotai-surface from data in the 
literature, in the few cases where SSA and ESCA 
data were both available, strongly suggest that 
both drying method and the presence of surfactant 
do impact total protein surface accumulation! A 
summary for data analysis from a study Yu 
et al.^^^ is presented in Table 1. Lysozyme and 
trehalose formulations with and without Tween 20 
were prepared by SFD and spray freezing into 
liquid nitrogen followed by freeze drying (SFL). 
Higher %Ptotai-surface was observed with SFD 
powder, consistent with its highest SSA and high 
protein surface coverage. In contrast, the SFL 
powder with surfactant had the lowest %Ptatai- 
suriaee, coHsistent With its lowest SSA and very low 
protein surface coverage. 



Relationship between Total Protein Surface 
Accumulation, Drying Method, and Storage Stability 

If one assumes that the measured or observed 
rate constant for a degradation reaction {koh^ is a 
summation of the contribution of stability from 
both the surface and bulk protein, one may write: 



(9) 



where ^s is the rate constant for decomposition of 
surface protein, is the rate constant for 
decomposition of bulk protein and Fps is the 
fraction of bulk protein. Thus, in a formulation 
with a large protein surface excess the contribu- 
tion of ^s could be sufficiently large that surface 
protein dominates stability behavior. 



Table 1. Chemical Heterogeneity with a Formulation of Lysozyme (5 mg/mL) and Trehalose (100 mg/mL) 



Drying Method 


0.1% Tween 


SSA (m^/g) 


Protein Surface 
Coverage (% w/w) 


Total Protein Surface 

Accumulation (%Ptotal-aurface) 


SFL 


No 


40.9 


13.20 


62 




Yes 


26.9 


7.34 


23 


SFD 


No 


5L1 


17.15 


>99 




Yes 


54.4 


5.75 


36 



Formulations with surfactant contained 1 mg/mL Tween 20 (T20). Formulations wf 
by spray freezing into liquid nitrogen followed by freeze drying (SFL). Data from Yu el 
Based on formulation composition, lysozyme surface coverage would be ~5% w/w ii 



3 prepared by spray freeze drying (SFD) and 
a homogeneous SFL or SFD powder. 
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We have estimated the enhanced reactivity due 
to surface accumulation of protein, using stability 
versus composition data for hGH:sucrose systems 
as a model^®^'^®^ and also using typical surface 
enrichment data for spray-dried proteins from the 
liter ature.^^® With hGH, as well as with other 
proteins/'^'^^^"^^'^ a plot of log(^obs) is essentially 
linear in weight fraction stabilizer. With the 
simulation, we use the log-linear rate constant- 
composition data for hGH:sucrose and evaluate 
the ratio of /jobs in a heterogeneous system to ^obs in 
a homogeneous system as a function of protein 
content. The calculations are made for hypothe- 
tical samples having various percentages of the 
total sample in the 50 A deep surface region, or 
various percentages of "surface phase." Note that 
the "5% surface phase" corresponds roughly to a 
SSA of 7 m%. Results of the simulation (Fig. 11) 
suggest that: 

(a) Extensive chemical heterogeneity occurs 
in stabilizer-rich systems, with maximum 

25 T 



heterogeneity occurring at about 5% 
protein and 95% stabilizer, 
(b) Chemical heterogeneity may lead to infer- 
ior stability in stabilizer-rich systems. The 
enhancement in reactivity (or loss of 
stability) relative to a homogeneous sys- 
tem may be more than an order of 
magnitude for high specific surface area 
materials. 

Of course, this calculation represents only the 
chemical heterogeneity effect. If the protein 
undergoes additional unfolding because of the 
air-water or ice-water interface, this destabilizing 
effect would add to the effect evaluated by the 
simulation above. 

For samples prepared by SFD and lyophiliza- 
tion, Webb et al.^^ compared the SSA and surface 
composition of formulations of rhIFN-y with 
trehalose (5:95, respectively) in the presence and 
absence of Tween 20. Additionally, aggregation in 
the formulations was measiired initially and after 



sufi'm Swfecft Phase 
~<i:~mmm SWfacePliase 



Figure 11. Ratio of homogeneous to heterogeneous degradation rates. Model is 
sucrose and hGH at 40°C (physical aggregation data), and data from Reference 177 for 
surface enrichment of protein in freeze-dried material. All ratios go to unity at both 
extremes of protein concentration and appear to be a maximum at around 5% protein. 
Calculations with aggregation of hGH with trehalose give qualitatively the same result 
but with less enhancement. 
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2 weeks storage at 45 C. Table 2 summarizes 
their data, in addition to estimates of both the 
%-Ptotai-surface and aggregation rate constant (^obs) 
for each formulation. Lyophilized preparations 
were much more stable than SFD preparations. 
Additionally, SSA was roughly 20 times higher in 
SFD formulations versus lyophilized formula- 
tions. The degradation rate constant, ^obs, 
appeared to correlate well with %Ptotai-surface- ^obs 
was highest for the surfactant- free SFD prepara- 
tion, consistent with the highest SSA and highest 
protein surface coverage, and therefore highest 
%-Ptotai-surface value. On the other hand, ^obs was 
lowest for the lyophilized preparation with surfac- 
tant, consistent with the lowest SSA, lowest 
protein surface coverage, and therefore lowest 

%jPtotal-surface Value. 

In summary, a combination of factors may cause 
composition heterogeneity in dried formulations. 
Evidence from studies on different proteins 
strongly suggests that composition heterogeneity 
varies depending on drying method, stabilizer 
used, and use of surfactant. However, the implica- 
tions of this composition heterogeneity on different 
solid-state properties of the product, including 
long-term storage stability, are still inadequately 
documented. 



CONCLUSIONS 

Selection of the appropriate formulation and 
drying method are crucial factors for stability of 
amorphous pharmaceuticals. By understanding 
variations in thermal history of a pharmaceutical 
glass due to the drying method, and/or by 
measuring molecular mobility, one can qualita- 
tively determine the impact of drying method on 
both in-process and storage stability (physical 
and/or chemical stability) of the active ingredient. 
Surface composition, specific surface area, and 
separation of components during drying of protein 
formulations are other critical factors to consider, 
particularly when dealing with preparations with 
a very high SSA. 
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